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Introduction
Removal of introns from primary RNA transcripts (splicing) takes place in specialized complexes called spliceosomes, in which factors needed for splicing of pre-mRNAs are enriched. Currently, >150 different proteins and several small RNAs have been identifi ed as part of spliceosomes, which are organized in distinct subcomplexes. The most prominent spliceosome subunits are the uridine-rich small nuclear RNPs (U snRNPs) of the Sm class. They consist of an RNA component (uridinerich small nuclear RNA [U snRNA]) and numerous proteins that are either common for all or specifi c for one particle (for review see Nilsen, 2003) .
Even though splicing occurs in the nucleus, major parts of the biogenesis of U snRNPs take place in the cytoplasm. The nuclear-encoded m 7 G-capped U snRNA is transiently exported to the cytoplasm to allow binding of the common (Sm) proteins. This leads to the formation of the Sm core domain, the structural framework of all spliceosomal U snRNPs of the Sm class (Raker et al., 1996) . Formation of the Sm core is required for cap hypermethylation and the subsequent nuclear import of U snRNPs (Hamm et al., 1990) . Within the nucleus, U snRNPs are fi rst targeted to subnuclear domains termed Cajal bodies (CBs), where additional modifi cations on the RNA occur and at least some specifi c proteins are added. Eventually, the mature U snRNPs migrate to perichromatin fi brils, the sites of transcription and splicing (for reviews see Matera et al., 2007) .
Interestingly, recent studies indicated that several aspects of the biogenesis cycle of U snRNPs are factor mediated and regulated in vivo. The most prominent factor in this process is the survival motor neuron (SMN) complex, a macromolecular entity that actively mediates the binding of the common Sm proteins onto U snRNAs. This complex consists of nine major proteins, including the SMN gene product, Gemin2-8, and the unrinteracting protein (unrip; for reviews see Gubitz et al., 2004; Pellizzoni, 2007) (Carissimi et al., 2005; Grimmler et al., 2005b T he survival motor neuron (SMN) complex functions in maturation of uridine-rich small nuclear ribonucleoprotein (RNP) particles. SMN mediates the cytoplasmic assembly of Sm proteins onto uridine-rich small RNAs, and then participates in targeting RNPs to nuclear Cajal bodies (CBs). Recent studies have suggested that phosphorylation might control localization and function of the SMN complex. Here, we show that the nuclear phosphatase PPM1G/PP2Cγ interacts with and dephosphorylates the SMN complex. Small interfering RNA knockdown of PPM1G leads to an altered phosphorylation pattern of SMN and Gemin3, loss of SMN from CBs, and reduced stability of SMN. Accumulation in CBs is restored upon overexpression of catalytically active, but not that of inactive, PPM1G. This demonstrates that PPM1G's phosphatase activity is necessary to maintain SMN subcellular distribution. Concomitant knockdown of unr interacting protein (unrip), a component implicated in cytoplasmic retention of the SMN complex, also rescues the localization defects. Our data suggest that an interplay between PPM1G and unrip determine compartment-specifi c phosphorylation patterns, localization, and function of the SMN complex.
conjunction with other factors, converts arginine residues in some Sm proteins into symmetrical dimethylarginines, thereby enhancing their affi nity for the SMN complex and stimulating U snRNP assembly (Brahms et al., 2001; Friesen et al., 2001; Meister et al., 2001b; . Furthermore, it has been shown that the SMN complex (or parts thereof) also participate in the subsequent nuclear import of U snRNPs (Narayanan et al., 2004; Shpargel and Matera, 2005) . Once in the nucleus, both units migrate to CBs, where the SMN complex accumulates and U snRNPs are released to sites of splicing after additional maturation steps (Stanek and Neugebauer, 2006) . These observations suggest that U snRNPs dissociate from SMN complexes in CBs and that the SMN complex returns as a separate unit to the cytoplasm at later stages.
Although the cytoplasmic role of the SMN complex is understood in some detail, its functions in the nucleus are only poorly characterized. Thus, it is still unclear how U snRNPs are separated from the SMN complex after nuclear import and how the return of the SMN complex to the cytoplasm is facilitated. An important player in this process might be unrip, which interacts with the SMN complex primarily in the cytoplasm. Knockdown of this factor leads to enhanced accumulation of SMN in nuclear bodies , suggesting a role of unrip in the intracellular distribution of the SMN complex. The biogenesis of U snRNPs appears also to be infl uenced by phosphorylation of different components of the assembly machinery. Thus, it has been shown that SMN is highly phosphorylated when it is in the cytoplasm, whereas the nuclear pool is hypophosphorylated (Grimmler et al., 2005a) . Compartmentspecifi c determinants and the phosphorylation status of SMN (and potentially other SMN-complex components) could hence infl uence the biogenesis pathway of U snRNPs in the cytoplasm and in the nucleus.
Here, we show that the SMN complex specifi cally interacts with the nuclear phosphatase PPM1G/PP2Cγ (here referred to as PPM1G). This C-type, Mg 2+ /Mn 2+ -dependent phosphatase has previously been shown to be specifi cally involved in nuclear functions, including splicing (Murray et al., 1999; Allemand et al., 2007) and nucleosome assembly (Kimura et al., 2006) . Knockdown of PPM1G led to reduced dephosphorylation of SMN-complex proteins and abolished accumulation of SMN proteins in CBs. Rescue experiments demonstrate that the catalytic activity of the phosphatase is necessary to maintain the specifi c localization of the SMN proteins in the nucleus. Our data support the idea that PPM1G is a major regulator of nuclear functions of the SMN complex: it determines the SMN complex's compartment-specifi c phosphorylation pattern and is required for its correct localization and stability.
Results

PPM1G is a nuclear phosphatase in vertebrates
As published recently, the compartment-specifi c phosphorylation pattern of the SMN protein pointed to the activity of a nuclear phosphatase, which dephosphorylates proteins of the SMN complex (Grimmler et al., 2005a) . One potential candidate that may govern SMN modifi cations in the nucleus is PPM1G, which has been suggested to localize to the nucleus and to function in splicing (Murray et al., 1999) . Consistent with this, antibodies generated against the human (Fig. 1 A) or the Xenopus laevis orthologue of PPM1G (xPPM1G; Fig. 1 B) detected this protein in the nucleoplasm in both human HeLa and X. laevis XL177 cells when used for indirect immunofl uorescence (Fig.  1 C) . Sequence analysis revealed two stretches of basic amino acids in the C terminus of human PPM1G (hPPM1G), which could serve as an NLS. The region of the potential C-terminal NLS is conserved throughout most vertebrates (Fig. 1 E) . Indeed, when we expressed the full-length or a truncated version of hPPM1G lacking the C-terminal NLS as EYFP fusions in human HeLa cells, only the full-length protein showed nuclear accumulation, whereas the truncated version did not (Fig. 1 D) . Likewise, accumulation of fl uorescently labeled xPPM1G in in vitro reconstituted nuclei was not seen for analogous C-terminal truncations of xPPM1G, although the truncation did not affect the catalytic activity of xPPM1G (unpublished data). Moreover, when we manually dissected X. laevis oocytes into cytosolic and nuclear fractions, we exclusively detected xPPM1G in the nuclear fraction using our xPPM1G antibody (Fig. 1 B) . Using quantitative immunoblotting, we estimated the abundance of PPM1G in X. laevis oocyte nuclei to be in the range of 5 μM and at least 1 μM in HeLa cell nuclei, which is consistent with recently published data (Kimura et al., 2006) . This shows that PPM1G is an abundant nuclear phosphatase in vertebrates.
Interaction of PPM1G with the SMN complex
To address whether PPM1G might regulate nuclear functions of the SMN complex, we tested if PPM1G was directly associated with the SMN complex. We affi nity-purifi ed SMN-complex proteins from total cellular extracts using a monoclonal antibody directed against the N terminus of human SMN. Bound proteins were eluted and compared with an eluate of a control column by SDS-PAGE and silver staining. Known SMNcomplex components (i.e., SMN, Gemin3-5, and unrip) were eluted from this column as determined by mass spectrometry and/or Western blotting (Fig. 2 A, compare lanes 2 and 3) . Moreover, among the proteins coeluting with the SMN complex in the 70-kD range was the protein phosphatase PPM1G, which we identifi ed on the basis of 21 peptides covering 32.9% of its sequence (not depicted). Immunoblot analysis with antibodies against hPPM1G confi rmed that PPM1G specifi cally bound to the SMN complex but not to the control column (Fig. 2 B , compare lanes 2 and 3).
To further analyze binding of PPM1G to the SMN complex, we affi nity purifi ed the SMN complex, as described in the previous paragraph, and incubated the complex with recombinant His-tagged human wild-type (wt) PPM1G (rec.hPPM1Gwt). In parallel, we generated a mutant PPM1G (rec.PPM1Gmut) in which aa 496 was changed from an aspartate into an alanine (Murray et al., 1999) . The recombinant mutant protein showed dramatically reduced catalytic activity (unpublished data). After incubation and removal of unbound proteins by extensive washing, the SMN containing immunocomplexes were analyzed by (E) C termini of PPM1G from four different vertebrate species were aligned using MegAlign software (DNA Star); conserved residues are highlighted in yellow; the glutamate residue critical for phosphatase activity (D496 in hPPM1G) is indicated in blue; and predicted NLS sequences (P-sort software; www.psort.org) are indicated in red. Sequences used are the following: Homo sapiens, O15355; Mus musculus, Q61074; X. laevis, Q7ZYR7; and Gallus gallus (nucleotides 173-1859 from GenBank/EMBL/DDBJ under accession no. XR_026917) after an additional nucleotide (G) had been inserted in position 1675 (see ChEST73b8, ChEST376n8, and others from BBSRC ChickEST Database). (Fig. 2 D) . Detection of the SMN protein verifi ed the specifi city of the purifi cation ( , interaction of either wt or catalytically inactive PPM1G with the SMN complex was equally effi cient but did not change the overall composition of the complex as judged by silver staining of immunocomplexes and immunoblot detection of SMN and unrip (Fig. 2, C and D) . Collectively, these data identify the nuclear phosphatase PPM1G as a novel interaction partner of the SMN complex.
SDS-PAGE and silver staining (Fig. 2 C) and immunoblotting
PPM1G is required for proper localization of the SMN complex in CBs
We next asked whether PPM1G was required for proper localization of the SMN complex. Based on immunofl uorescence experiments, it had been reported that SMN is diffusely distributed in the cytoplasm but localized in the nucleus, where it is found to be highly enriched in specifi c bodies termed gems (Liu and Dreyfuss, 1996) . However, later studies showed that these bodies are in most, but not all, cell lines equivalent to the well-known nuclear CBs (Carvalho et al., 1999; Dundr et al., 2004) . In agreement with previous data, we observed strong accumulation of SMN in CBs of HeLa CCL2 cells (unpublished data) . To analyze the role of PPM1G in the localization of SMN proteins, we knocked down PPM1G expression in HeLa CCL-2 cells by RNA interference using three different synthetic doublestranded siRNA oligonucleotides. As judged by immunoblotting, all three siRNAs effi ciently reduced the protein amount of PPM1G (Fig. 3 A; the knockdown effi ciency was typically 75-95%). Oligo pairs #1 and #3, however, were reproducibly the most effi cient and therefore were used for further phenotypic analysis (Fig. 3 A) . When SMN-complex localization was tested in siRNA-treated cells, we observed substantial reduction of the nuclear PPM1G in the majority of treated cells (Fig. 3 B) . This was correlated with SMN disappearing from CBs (Fig. 3, B and D) . Likewise Gemin2, a direct interaction partner of SMN, disappeared from CBs upon PPM1G knockdown (Fig. 3 C) . Concomitantly, in were incubated with 5 μg of 6× histidinetagged, purifi ed, recombinant PPM1Gwt (rec. PPM1Gwt; lanes 2 and 4) or catalytically inactive PPM1G (D496A, rec.PPM1Gmut; lanes 3 and 5). Bound proteins were eluted by boiling in 2× SDS sample buffer, resolved by SDS-PAGE, and analyzed by silver staining. (D) Samples generated as described in C were analyzed by immunoblotting using anti-histidine (top), antiunrip (middle), or anti-SMN antibodies (bottom). Note that because of different gels and markers used in B-D, the apparent molecular mass of PPM1G is slightly different in these panels.
‫%05ف‬ of all cells the diffuse nucleoplasmic signal of SMN or Gemin2 was increased (Fig. 3 , B and C), whereas low nucleoplasmic SMN signals were observed in other cells (Fig. 3, B-D; and Fig. 4) . Similarly, upon overexpression of PPM1G lacking the C-terminal NLS (Fig. 1) we frequently observed reduced cytoplasmic and increased diffuse nuclear staining of SMN. However, accumulation of SMN in CBs was not affected (Fig. S1 , available at http://www.jcb.org/cgi/content/full/jcb.200704163/DC1). Collectively, these data suggest that nuclear PPM1G is required for correct nuclear-cytoplasmic distribution and subcellular localization of the SMN complex.
To confi rm correlation of the effi ciency of PPM1G knockdown and the loss of the localized nuclear SMN signal, we transfected cells with control siRNA oligos or siRNA oligos to knockdown PPM1G and mixed them after transfection. Indeed, when residual staining of PPM1G was hardly detectable, no accumulation of SMN in nuclear bodies was observed. In contrast, PPM1G was still clearly detectable in cells, which regularly showed normal SMN staining in the nucleus (Fig. 3 E) .
Accumulation of SMN in CBs depends on the interaction of SMN with coilin (Hebert et al., 2001 (Hebert et al., , 2002 , one of the central molecular components of CBs (Stanek and Neugebauer, 2006) . We therefore determined whether down-regulation of PPM1G affected coilin localization. Knockdown of PPM1G frequently resulted in the accumulation of additional small coilin-positive structures (Fig. 4, A and B) . However, coilin still strongly accumulated in CBs upon PPM1G knockdown (Fig. 4, A and B) .
Importantly, this was observed in cells in which loss of SMN from CBs was verifi ed by direct SMN detection (Fig. 4 B) . Collectively, these data suggest that PPM1G is required for the accumulation of SMN and Gemin2 in CBs but is not a major determinant of overall CB integrity as judged by coilin staining. In the course of our experiments, we noted that the expression levels of SMN and Gemin2 were reduced upon knockdown of PPM1G, which is consistent with a destabilization of SMNcomplex proteins. We therefore determined the amounts of different SMN proteins by quantitative immunoblotting after PPM1G knockdown with the two most effective oligo pairs. When PPM1G was depleted by ‫,%09ف‬ the levels of SMN, Gemin2, and Gemin3 were also considerably reduced. This effect was specifi c, as the level of the nonrelated protein regulator of chromosome condensation 1 (RCC1) was not affected (Fig. 5,  A and B) . To determine where SMN was primarily destabilized, we knocked down PPM1G (Fig. 5 C, left) , fractionated the cells, and determined amounts of SMN-complex proteins in the nuclear and cytosolic fractions by immunoblotting. Although levels of both Gemin2 and SMN were reduced in both fractions, protein loss was more pronounced in nuclear fractions. Interestingly, levels of the cytoplasmic interaction partner of the SMNcomplex unrip were not substantially changed (Fig. 5 C, right) . When we followed the knockdown of PPM1G and the destabilization of SMN proteins over time, we observed that PPM1G preceded the depletion of SMN and Gemin2, suggesting that its Total cell lysates were analyzed by immunoblotting for relative amounts of PPM1G, SMN, and Gemin2 at indicated times after transfection with siRNA oligonucleotide #3 against PPM1G. □, relative amounts of PPM1G; △, amounts of SMN; ○, amounts of Gemin2. Signals of proteins as analyzed 15 h after transfection were set to 100%. Amounts of the small GTPase Ran were analyzed and used to normalize quantifi cations of SMN and Gemin2 proteins. (E) U snRNP assembly activity of HeLa cytosolic extracts derived from control cells (c) or cells after knockdown of PPM1G (∆P). Extracts with equal amounts of total protein (left) or extracts normalized by immunoblotting to identical amounts of SMN protein (right) were assessed for U snRNP assembly by using 32 P-labeled U1 snRNA as previously described and quantifi ed. The activity of control extracts was set to 100%. Error bars represent SD from three independent experiments. knockdown is causative for the reduced amounts of SMN proteins (Fig. 5 D) . To determine whether decreased SMN levels led to impaired SMN function, we tested assembly of U1 snRNPs by band-shift experiments . As expected, reduced snRNP assembly was observed upon PPM1G knockdown (Fig. 5 E; 48.9 ± 10% compared with control extracts), but after normalizing SMN protein levels similar activities were again observed (Fig. 5 E, normalized SMN; 107 ± 29.4%), indicating that residual SMN complex after PPM1G knockdown was equally functional to that in control lysates.
Previously published data describing a function of PPM1G in cell-free splicing assays (Murray et al., 1999) suggested an important role of PPM1G for the assembly of the complete spliceosome machinery. Defects in the integrity of the splicing machinery led to dramatic changes in the characteristic speckle-like localization of the arginine/serine-rich splicing factor 2 (SC35) protein (O'Keefe et al., 1994) , an integral component of spliceosomes. Although PPM1G knockdown caused extensive or complete loss of the localized nuclear accumulation of Gemin2 as a marker for the SMN complex (Fig. 6, b and c) , no obvious change in the overall pattern of SC35 staining was observed. This suggests that the overall structure of the splicing machinery was not readily affected after knockdown of PPM1G, whereas Gemin2 was lost from CBs.
The catalytic activity of PPM1G promotes accumulation of SMN in CBs
A possible explanation for the loss of SMN proteins from CBs is that PPM1G directly dephosphorylates a protein of the SMN complex and that this dephosphorylation is instrumental for effi cient targeting or accumulation of the SMN complex in CBs. This hypothesis assumes that the loss of the catalytic activity of PPM1G is responsible for the observed phenotype. To directly test whether the catalytic activity of PPM1G is required for the stability of the SMN complex in nuclear CBs, we used the mouse orthologue of the human cDNA to complement the siRNAinduced phenotype. The mouse mRNA mismatches in two positions with the corresponding human mRNA, making it much less sensitive to the human siRNAs. Overexpression of the mouse HA-tagged wt protein upon transfection with siRNA oligos cons iderably increased the number of cells showing the characteristic localization of the SMN complex in CBs compared with cells treated with the siRNA only (Fig. 7, A and B; and not depicted) .
To analyze whether the catalytic activity of PPM1G was essential for rescue activity, we generated a catalytically inactive mutant of mouse PPM1G (mPPM1G) in which aspartate in position 493 was replaced by alanine (D493A) corresponding to the D496A mutant in hPPM1G (Murray et al., 1999 ; Fig. 1 E) . Upon expression of the mutant protein, the number of cells showing SMN accumulation in CBs was not substantially different from the number in nonrescued controls (Fig. 7, A and B) . This indicates that the catalytic activity of PPM1G promotes accumulation of the SMN complex in CBs and suggests that PPM1G is a major determinant of the SMN-complex localization in the nucleus.
Reduction of PPM1G levels leads to impaired dephosphorylation of SMN and Gemin3
Given that phosphatase activity of PPM1G was required for SMN accumulation in CBs, we next analyzed the dephosphorylation of the major phosphoproteins of the SMN complex, SMN and Gemin3 (Grimmler et al., 2005a) . We prepared control extracts, which had been incubated with immobilized unspecifi c IgG, and extracts from which PPM1G was effi ciently immunodepleted using immobilized anti-PPM1G antibodies (Fig. 8,  A and B) . To measure the effi ciency of dephosphorylation of SMN-complex proteins, we fi rst immunopurifi ed the SMN complex and labeled SMN-complex proteins by the addition of γ-[ 32 P]ATP and a complete HeLa extract. Next, we compared the dephosphorylation of purifi ed SMN-complex components in a chase reaction in extracts without ATP. Indeed, we observed considerably less effi cient dephosphorylation upon depletion of PPM1G from extracts used for the dephosphorylation reaction (Fig. 8 A, compare ∆C and ∆P after 60 min). Moreover, the mobility of Gemin3 on SDS gels was reproducibly increased upon dephosphorylation in control extracts but not in PPM1G-depleted extracts, whereas the mobility of Gemin4 remained unchanged (Fig. 8 A) . This suggested that PPM1G dephosphorylated both SMN and Gemin3 in cell-free extracts. To confi rm this result in living cells, we determined the phosphorylation pattern of SMN-complex proteins upon knockdown of PPM1G. PPM1G knockdown did not change the overall phosphorylation pattern of cellular proteins as judged by immunoblotting using total lysates and an antibody against phosphoserine/threonine epitopes (Fig. 8 C) . To determine the phosphorylation states of Gemin3 and SMN, we separated total proteins from lysates of control cells or cells after PPM1G knockdown on conventional 2D gels. Immunoblot analysis using antibodies against SMN and Gemin3 revealed that both proteins were phosphorylated as indicated by populations of more acidic forms of the proteins (Fig. 8 D) . Strikingly, for both SMN and Gemin3, more acidic forms accumulated upon knockdown of PPM1G. Despite the overall reduction of SMN and Gemin3, relative levels of the less acidic forms of SMN (sector 2) were ‫-5.3ف‬fold decreased, whereas the relative levels of the more acidic forms (sector 1) were increased (Fig. 8 D) . Similarly, more acidic forms of Gemin3 in sector 1 were increased approximately threefold (Fig. 8 D) . Collectively, this strongly suggested that PPM1G directly dephosphorylates SMN-complex proteins in the nucleus.
Unrip, a cytoplasmic component of the SMN complex, works antagonistically to PPM1G
Unrip associates with the SMN complex primarily in the cytoplasm, and knockdown of unrip leads to the enhanced accumulation of the SMN complex in CBs in the nucleus (Carissimi et al., 2005; Grimmler et al., 2005b) . This raised the possibility that PPM1G and unrip act antagonistically on the SMN complex. To test this, we knocked down PPM1G, unrip alone, or both gene products together by siRNA treatment, and then we analyzed SMN localization in CBs (Fig. 9) . The effi ciencies of the single or double knockdown were compared with controls and quantifi ed by immunoblotting (Fig. 9 A) . As published previously , knockdown of unrip alone led to an increase in the number of nuclear bodies in which SMN accumulated (unpublished data). In addition, we observed the formation of cytoplasmic SMN aggregates in 10-20% of all cells (Fig. 9 B) . Knockdown of PPM1G alone (oligo pair #1; Fig. 9 , A and B, ∆P) led to the loss of the nuclear, CB-localized SMN signal in the majority of cells (Fig. 9 B , SMN signal in PPM1G-depleted cells). In contrast, knockdown of PPM1G and unrip together restored apparently normal SMN localization in CBs (Fig. 9 B) . A similar number of cells displayed normal, punctate SMN staining in the nucleus (1-5 bright spots, little diffuse nucleoplasmic signal; Fig. 9 B) compared with untreated controls. Interestingly, cells showing cytoplasmic SMN aggregates upon knockdown of unrip alone (see above) were not observed anymore after double knockdown. However, the amount of SMN was reduced upon knockdown of PPM1G alone and of PPM1G together with unrip ( Fig. 9 A, ∆U, ∆P, and ∆U∆P) . Collectively, this suggested that unrip and PPM1G have compartment-specifi c and antagonistic activities toward the SMN complex.
Discussion
The biogenesis of U snRNPs is a complicated process and requires activities both in the nucleus and in the cytoplasm. Newly transcribed and exported U snRNAs recruit Sm proteins to assemble the Sm core and are subsequently hypermethylated in the cytoplasm. The partially assembled and modifi ed RNPs are then imported into the nucleus, where additional maturation steps lead to the completion of mature U snRNPs (Stanek and Neugebauer, 2006) . It is clear from several studies that the SMN complex acts as a key assembler of U snRNPs in the cytoplasm Gubitz et al., 2004; Pellizzoni, 2007) . Thus, this entity not only facilitates Sm core formation but also serves as a binding platform for the cap-methyltransferase TGS1/PIMT (Mouaikel et al., 2003) and nuclear import factors (Rollenhagen and Pante, 2006) . In fact, it has been shown that the SMN complex travels into the nucleus together with the U snRNP (Narayanan et al., 2004; Shpargel and Matera, 2005) . In the initial phase in the nucleus, the U snRNPs appear to stay associated with SMN complexes until they reach CBs. At that point, U snRNPs and SMN complexes are believed to dissociate. Whereas U snRNPs disperse in nuclear interchromatin granules and perichromatin fi brils (the sites of storage and splicing, respectively), the SMN complex is likely to return to the cytoplasm, although this has not been shown directly. Hence, the question arises of how the different functions of the SMN complex, its interactions with different partners, and the dynamic equilibrium of its subcellular localizations are regulated. Several components of the SMN complex were shown to be phosphorylated, particularly SMN, which displayed a compartment-specifi c phosphorylation pattern. This suggested that posttranslational modifi cations could be involved in the regulation of SMN-complex functions (Grimmler et al., 2005a) .
Here, we have shown that the nuclear phosphatase PPM1G specifi cally copurifi es with the SMN complex. We observed that reduction of PPM1G levels in cell-free extracts, as well as in living cells, led to reduced dephosphorylation of SMN and Gemin3. Collectively, this strongly suggests that PPM1G directly dephosphorylates SMN and Gemin3 in the nucleus. Moreover, decreased levels of PPM1G cause dramatic changes in the subcellular localization of SMN as shown by RNA-interference studies. These studies revealed that the loss of PPM1G was strictly correlated with the loss of SMN accumulation in CBs. PPM1G knockdown caused a similar phenotype for the SMNinteracting protein Gemin2, suggesting that accumulation of the whole SMN complex in CBs was affected. A partial rescue of this phenotype was observed when we subsequently overexpressed mPPM1Gwt, but not upon overexpression of a catalytically inactive variant. Interestingly, the loss of SMN accumulation in CBs was not accompanied by the accumulation of SMN in other nuclear bodies (i.e., gems). This might suggest that reversible phosphorylation controls the ability of the SMN complex to accumulate in nuclear bodies in general. We therefore propose that PPM1G phosphatase activity is needed to maintain compartment-specifi c phosphorylation patterns of SMN-complex proteins in the nucleus, which are required for accumulation of the SMN complex in nuclear bodies.
It has been shown previously that accumulation of the SMN complex in CBs depends on the direct interaction of SMN and coilin (Hebert et al., 2001 (Hebert et al., , 2002 . Consistent with that, knockdown of the SMN protein inhibits targeting of other proteins of the SMN complex to CBs. At the same time, however, it induces some fragmentation of CBs into numerous smaller foci likely because of compromised ongoing U snRNP biogenesis (Shpargel and Matera, 2005; Girard et al., 2006; Lemm et al., 2006) . Although the complete loss of localized SMN signal from CBs in our experiments was not correlated with the loss of coilin accumulation in CBs, we still observed an increased number of small coilin-positive structures. Moreover, PPM1G knockdown in our experiments also resulted in decreased levels of SMN, Gemin2, and Gemin3, both in the cytoplasm and in the nucleus. PPM1G knockdown might therefore generate a mild version of the phenotype seen upon direct SMN knockdown. When we determined the pattern of U snRNPs using the Y12 antibody after PPM1G knockdown, no obvious differences to control cells were observed (unpublished data). Also, colocalization of the U2 snRNP-specifi c factor U2B with coilin in CBs could readily be detected in the vast majority of PPM1G knockdown cells in which SMN did not accumulate in CBs (unpublished data). As PPM1G knockdown does not cause changes in the overall pattern of U snRNP localization and has only mild effects on coilin accumulation, this raises the possibility that accumulation of SMN in nuclear bodies is not required for U snRNP biogenesis.
In many PPM1G knockdown cells, the loss of SMN from CBs was accompanied by an increase in the levels of diffuse nucleoplasmic SMN. This suggests that deregulated SMN localization in the nucleus is not a consequence of reduced levels of SMN, but that it might actually cause reduced SMN levels. Reduced cytoplasmic SMN levels explain the reduced capacity of extracts from PPM1G knockdown cells in U1 snRNP assembly. Yet, the specifi c activity of the SMN complex in cytosolic extracts from PPM1G knockdown cells was not affected and localization of U snRNPs was not changed. If PPM1G knockdown did not affect U snRNP biogenesis, it would likely also not infl uence the capacity of cells in splicing of pre-mRNAs. However, it had been demonstrated previously that PPM1G plays a role in splicing if tested in cell-free extracts from HeLa nuclei. Still, PPM1G seemed not to be directly essential for splicing in the complete system, suggesting the presence of a redundant activity in complete splicing extracts (Murray et al., 1999) . Consistent with that, specifi c knockdown of PPM1G from a cellular system in our hands did not induce differences in the morphology of splicing speckles as judged by immunofl uorescence with antibodies against SC35. However, we did not directly test the effi ciency of splicing in living cells with reduced levels of PPM1G. It is conceivable that after PPM1G knockdown, with time, general splicing defects become apparent or that splicing of a certain subset of substrates is immediately impaired, as has now been shown for alternative splicing of the CD44 pre-mRNA (Allemand et al., 2007) .
Our results on changed phosphorylation patterns of SMN components implicate the existence of a kinase, which phosphorylates proteins of the SMN complex. Like unrip, this kinase is supposedly a cytoplasmic interaction partner of the SMN complex, which is spatially separated from the activity of PPM1G. To date, such an activity has not been identifi ed. However, we showed that delocalization of SMN from CBs upon knockdown of PPM1G was compensated upon concomitant knockdown of unrip. Conversely, generations of additional SMN-positive aggregates in the nucleus and in the cytoplasm seen upon unrip knockdown were not observed when PPM1G was knocked down in parallel. Given an antagonistic subcellular localization of unrip and PPM1G, this not only indicates that proteins of the SMN complex can exchange between the nucleus and the cytoplasm, but it might also suggest that unrip is involved in cytoplasmic SMN phosphorylation.
Previously, PPM1G has been reported to regulate diverse nuclear functions in splicing (Murray et al., 1999; Allemand et al., 2007) , histone maturation (Kimura et al., 2006) , and cell cycle progression (Guthridge et al., 1997; Suh et al., 2006) . Our data now demonstrate that PPM1G dephosphorylates proteins of the SMN complex in the nucleus and is an important regulator of the subcellular localization of SMN-complex proteins. Many steps in SMN localization and dynamics demand regulation, such as timing of import and export of components, interactions with binding partners in the specifi c subcellular domains, and time of residence in a particular compartment.
We consider dephosphorylation in the nucleus likely to follow import of the SMN complex into the nucleus to precede nuclear accumulation and targeting to CBs, dissociation from U snRNPs, and potentially retransport to the cytoplasm. It will be interesting in the future to determine if the dephosphorylation of SMN-complex proteins mediates effi ciency, order, and timing of these events.
Materials and methods
PPM1G expression constructs
His-hPPM1G and His-xPPM1G were cloned into pQE32 (SphI-KpnI; QIA-GEN). A PCR template for hPPM1G constructs, clone FLEXO833D0920D (RZPD), was used. His-xPPM1G was amplifi ed by PCR from complete cDNA of X. laevis eggs. His-hPPM1G D496A was generated by site-directed mutagenesis. EYFP-hPPM1G was generated by PCR and cloned into a monomeric pEYFP-C1 vector (BglII-KpnI; gift from J. Ellenberg, European Molecular Biology Laboratory, Heidelberg, Germany). EYFP-hPPM1G-NLS was generated by cutting the EYFP-hPPM1G full-length construct with BglII and SacI and cloning into the corresponding sites of the same vector. For the HAmPPM1G construct, mPPM1G was amplifi ed from IRAKp961L079Q (RZPD) and cloned into the pCMV-HA vector (SalI-BglII; CLONTECH Laboratories, Inc.). HA-mPPM1G D493A was generated using site-directed mutagenesis.
Protein expression and purifi cation PPM1G fusion proteins were expressed in Escherichia coli BL21 pRep4 (QIAGEN) at 37°C and purifi ed via Ni 2+ -NTA (QIAGEN) in 20 mM Hepes, pH 7.5, 500 mM KCl, 8 mM imidazole, 5% glycerol, 2 mM MgCl 2 , and protease inhibitor mix (1 μg/ml of pepstatin A, aprotinin, and leupeptin [PPM1G buffer]). Bound proteins were eluted in PPM1G buffer containing an additional 250 mM imidazole and further purifi ed on a poly-Lysine column (bound in PPM1G buffer with 650 mM KCl and eluted with increasing KCl concentrations). Purifi ed PPM1G was dialyzed to 100 mM KCl in PPM1G buffer (without imidazol and protease inhibitors).
Generation of antibodies against xPPM1G and hPPM1G and Gemin2
Rabbits were immunized using purifi ed 6× histidine-tagged xPPM1G or hPPM1G. Antibodies were affi nity purifi ed via matrix-coupled (Affi -Gel; BioRad Laboratories) antigens. Antibodies against Gemin2 were raised in rabbit against full-length 6× histidine-tagged human Gemin2 protein, affi nity purifi ed using the respective GST-tagged antigen, and covalently linked to a glutathione-Sepharose matrix (GE Healthcare).
siRNA treatments
Final oligonucleotide concentration was 75 nM in all experiments except those shown in Fig. 9 . Here, fi nal oligonucleotide concentration was 50 nM for oligonucleotides against each target, unrip and PPM1G mRNA. siRNA oligonucleotides were transfected with a mixture of RNA oligonucleotides and Lipofectamine 2000 (Invitrogen) in opti-MEM (1 μl Lipofectamine to 0.8 μg RNA).
The following double-stranded RNA oligonucleotides against human mRNA sequences were used: control, agacgcauugucaacauccugucug (vimentin; Invitrogen); PPM1G #1, ucacauuccagaugccaucacaggc (Invitrogen); #2, uuaaagagcuggcacagaudtdt (Dharmacon); and #3, aggcuaccaugacuauugadtdt (Dharmacon). Against unrip, a 1:1 mixture of two oligonucleotides was used .
Oligonucleotide #1, which mismatches with the mRNA of mPPM1G in the positions indicated in bold in the sequence above, was used for RNAi rescue experiments. Cells were transfected with siRNAs as described above. 12 h later, the medium was exchanged and cells were transfected a second time with pCMV-HA plasmids as described above.
Immunofl uorescence and image acquisition
HeLa CCL2 (American Type Culture Collection) and X. laevis XL177 cells were used for immunofl uorescence experiments. Cells on glass coverslips
